The interaction among pulmonary mechanics, respiratory muscle performance, and ventilatory control in subjects with insulin-dependent diabetes mellitus has so far received little attention. We therefore decided to assess the role of central factors and peripheral factors on the ventilatory response to a hypoxic stimulus in type I diabetic patients. Subjects: Eight patients in stable condition aged 19 to 48 years old, with insulin-dependent diabetes mellitus (duration of the disease, 36 to 240 months) and no history of smoking, cardiopulmonary involvement, or autonomic neuropathy; and an age-and gender-matched control group. 
T he interaction among pulmonary mechanics, respiratory muscle performance, and ventilatory control has so far received little attention in subjects with insulin-dependent diabetes mellitus. Although many studies have described pulmonary abnormalities in human type I diabetes, [1] [2] [3] [4] [5] [6] very few investigations have been devoted to assessing airway involvement and muscle function under controlled conditions 2, 5 or during stimulated breathing 4 in insulin-dependent diabetic patients.
Data on ventilatory response to chemical stimulation in diabetes with or without autonomic neuropathy are conflicting. 4, [7] [8] [9] [10] [11] [12] [13] Ventilatory hypoxic response in diabetic patients has been reported to be significantly smaller than in control subjects 7, 8, 12 and not related to complications of diabetes. 8, 12 In contrast, other studies have found normal hypoxic responses in patients both with and without autonomic neuropathy. 10, 11, 13 However, even normal ventilatory response (minute ventilation [V e]) to chemical stimulation does not necessarily imply that the ventilatory control system is normal. In fact, based on the equation:
V e ϭ Vt ϫ Rf ϭ Vt Ti ϫ Ti Ttot where Vt is tidal volume, Rf is respiratory frequency, Ti is inspiratory time, and Ttot is total breathing cycle time, a relatively normal V e response may be associated with abnormal volume (Vt), driving (Vt/ Ti), or timing (Ti/Ttot, or the ratio of Ti to Ttot). 14 In addition, the assessment of ventilatory drive, in terms of both V e and Vt/Ti, does not elucidate whether central (neural) or peripheral abnormalities are involved in the decreased ventilatory response to chemical stimulation reported in patients with diabetes. [7] [8] [9] 12 In assessing the relative importance of factors that affect the ventilatory response to chemical stimulation in diabetes, the differentiation between diminished responsiveness of central origin and that due to peripheral impairment is an issue of clinical relevance that remains yet to be defined in these patients.
We therefore decided to assess the influence of central factors and peripheral factors on the ventilatory response to a hypoxic stimulus in type I diabetic patients. In particular, we tried to assess the relative contribution of respiratory muscle force and lung mechanics to indices of ventilatory control. We have found that peripheral airway involvement is likely to influence indices of hypoxic ventilatory control modulating a normal central motor output into a rapid and shallow pattern of ventilatory response in type I diabetes.
Materials and Methods

Patients
Eight patients with type I diabetes were referred to the Section of Pneumology of the Department of Internal Medicine at the University of Florence, from the Section of Diabetes at the Department of Internal Medicine at the Pistoia General Hospital. Patients were consecutively recruited for the study according to the following criteria: they had to be life-long nonsmokers, have good metabolic control (glycated hemoglobin [HbA1c] Ͻ 7.2%) in the year preceding the study, and be free from neurologic complications (both peripheral and autonomic neuropathy). Autonomic function tests included heart response to deep breathing, Valsalva maneuver, and BP response to standing up. Results of two of these three tests had to be abnormal to establish autonomic neuropathy. 15 Absence of peripheral nervous system involvement was assessed by motor and nerve studies of the tibialis anterior and sciatic nerves. The presence of background retinopathy, evaluated through a direct ophthalmoscopic examination of the fundi followed by fluorescein angiography, was found in patient 4. The mean 24-h urinary albumin excretion rate, measured by radioimmunoassay (Pharmacia; Uppsala, Sweden) of three samples of sterile urine collected in the previous 6 months, was abnormal (30 mg/24 h) in patient 6. Blood samples were drawn after a 12-h fasting period to measure plasma glucose (by a glucose oxidase method) and HbA1c, measured by a high-performance liquid chromatography method (Diamat; BioRad Laboratories; Richmond, CA). Anthropometric characteristics of the eight patients are summarized in Table 1 . At the time of the study, some patients participated in physical activities (riding a bicycle or running). None of the patients fulfilled the criteria for COPD or asthma. 16 A group of 14 normal subjects matched for sex (7 men and 7 women) and age (range, 20 to 54 years) was studied as a control. They were either members of our institutions or medical students. They were all free of cardiopulmonary disorders. Their demographic characteristics (height, 1.65 to 1.86 m; weight, 60 to 78 kg; body mass index, 22 to 26 kg/m 2 ) and lung function (range 
Measurements
Routine spirometry was completed with subjects in a seated position. Functional residual capacity (FRC) was measured by the helium dilution technique. 17 The normal values for lung volumes are those proposed by the European Respiratory Society. 18 The diffusing capacity of the lung for carbon monoxide (Dlco) was assessed as previously described. 1 For mechanical studies, an esophageal latex balloon (length, 10 cm; air volume, 0.5 mL) was introduced via the nose. A marker was placed on the polyethylene tubing 40 cm from the balloon tip. 19 The catheter was connected to a differential pressure transducer (Validyne; Northridge, CA). Transpulmonary pressure and pulmonary volume obtained by integration of the flow measured at the mouth by a Fleisch type 3 pneumotachograph (SensorMedics Corp; Yorba Linda, CA) were directly registered on an X-Y recorder during slow inspiratory and expiratory maneuvers. We calculated static compliance (Clstat) from pleural pressure (Pes) and volume tracings. Total lung resistance (Rl) was calculated by the isovolume method. 20 The highest (most negative in sign) Pes was evaluated at FRC during a maximal sniff maneuver 21 that was repeated until three measurements with Ͻ 5% variability were recorded. The highest value of Pes during the sniff maneuver was used for subsequent analysis.
Gastric pressure (Pg) was measured with a similar balloon catheter system connected to a second differential transducer. This balloon was positioned in the stomach with the tip 65 to 70 cm from the nares, and contained 1 mL of air. During expiratory efforts against a closed airway, maximal expiratory pressure (Pemax) was measured as previously described. 22 After baseline routine testing, the ventilatory pattern, Pes, transdiaphragmatic pressure (Pdi), and mouth pressure were evaluated with subjects sitting comfortably in an armchair and breathing room air. In the apparatus we used, the inspiratory line was separated from the expiratory line by a one-way valve (Hans-Rudolph; Kansas City, MO) connected to a Fleisch type 3 pneumotachograph. The flow signal was integrated into volume. From the spirogram we derived Ti, expiratory time (Te), Ttot, Vt, and mean inspiratory flow (Vt/Ti). Respiratory frequency (Rf ϭ 1/Ttot ϫ 60) and V e (Vt ϫ Rf) were also calculated. Expired CO 2 (Pco 2 ) was sampled continuously at the mouth by an infrared CO 2 meter (Datex Normocap; Helsinki, Finland). The dead space was 201 mL and the resistance of the system up to a flow of 4 L was 0.94 cm H 2 O/L/s.
Phrenic nerve conduction time was measured by the technique described by Newsom-Davis. 23 With the patient in a seated position, each phrenic nerve was stimulated with a constant current unit driven by a stimulator and a nerve surface bipolar stimulation electrode. Diaphragm muscle action potential was recorded with two pairs of surface electrodes applied symmetrically on the lower lateral rib cage 2 to 3 cm above the costal margin. The electrodes were fixed on the seventh or eighth interspace after the skin was carefully cleaned with ether. The stimulating electrode was applied in the supraclavicular area between the scalene and sternomastoid muscle, and supramaximal stimuli of 0.5-ms duration were applied at a frequency of 1 Hz. The stimulus intensity was progressively increased while twitches were displayed on an oscilloscope. When maximal stimulation was achieved, the intensity was increased by 10 to 20% to ensure supramaximal stimulation. Phrenic nerve conduction time refers to the time interval between the stimulation of the phrenic nerve in the neck (signaled by the stimulus artifact) and the onset of the diaphragm muscle action potential. Each value of phrenic nerve conduction time reported here is the mean of at least five successive determinations. Normal values for nerve conduction time are those reported by Newsom-Davis 23 (range, 6.1 to 9.2 m/s; mean, 7.7 Ϯ 0.80 m/s).
Rebreathing Test
Responses to progressive isocapnic hypoxia were obtained by rebreathing air from a 6-L balloon. Isocapnic conditions were maintained for 5 min before the onset of hypoxia and throughout the hypoxic period by passing a portion of the expired gas through a CO 2 scrubber before returning it to the rebreathing bag. End-tidal CO 2 (Pco 2 ) was kept constant at a value of about 45 mm Hg by manually regulating the volume of the expired gas scrubbed. The intensity of the hypoxic stimulus was assessed from continuous recording of arterial O 2 saturation (Sao 2 ) using an ear oximeter (Radiometer; Copenhagen, Denmark). Rebreathing was terminated when the Sao 2 displayed digitally reached 72%. For each run, changes in volume and time components of the breathing pattern were recorded continuously, as were swings in Pes (Pessw) and Pdi (Pdisw) during Vt. In each subject, the rebreathing test was repeated twice on the same day with an interval of 60 min between each test; the differences in individual ⌬V e/⌬Sao 2 and ⌬Pes/⌬Sao 2 were Ͻ 10%. Thus, for each subject, the mean slope of the two runs was calculated. Data were averaged for patients and normal subjects.
The outputs of CO 2 meter, Sao 2 , flow signal, integrated flow signal, mouth pressure, Pes, and Pg signals were recorded over a 10-min time period. Average values for each subject are presented.
Protocol
The subjects were tested on two separate days. On the first day, subjects were acquainted with the laboratory equipment and trained to breathe quietly on a mouthpiece and to perform maximum inspiratory and expiratory and Pdi maneuvers. On the second day, after a 5-min rest period, subjects started to breathe on a pneumotachograph; when stable PetCO 2 values for the end-tidal partial pressure of carbon dioxide were obtained, the pattern of breathing and Pessw during two periods of quiet breathing over 20 min were recorded. In the patients and in eight control subjects, contemporaneous measurements of Pg were also performed. After that, the hypoxic rebreathing test was carried out.
Data Analysis
Clstat was calculated as the ratio of change in Vt between FRC and 0.5 L above FRC to corresponding changes in expiratory Pes. Dynamic lung compliance (Cldyn) was determined by dividing Vt by the difference in Pes between points of zero flow. 24 Dynamic elastance was computed as 1/Cldyn. Dynamic Pes (Pessw) was the difference between end expiration and end inspiration, and was expressed both as an absolute value (cm H 2 O) and as a percentage of Pes during the sniff maneuver [Pessw(%Pessn)]. Pessw(%Pessn) represents the force required for breathing relative to the maximal inspiratory force available and is henceforth referred to as inspiratory muscle effort. Dynamic Pg was the difference between end expiration and end inspiration, and was expressed as an absolute value (cm H 2 O). Pdi at FRC during the maximal sniff maneuver (Pdisn) was obtained by subtracting Pes from Pg. 25 Static Pdi was assessed at end expiration and end inspiration. Dynamic Pdi was the difference between end-expiratory and end-inspiratory Pdi and was expressed both as an absolute value (cm H 2 O) and as percentage of Pdisn [Pdisw(%Pdisn)].
The ratio of Pessw(%Pessn) to Vt (%VC) is considered an index of neuroventilatory dissociation (NVD) of the respiratory pump. NVD is not the same as dynamic elastance, the latter being measured at isoflow, the former reflecting the total change of dynamic Pes against both resistive and elastic loads.
Changes in Pessw, Pdi, and Vt per unit change in Sao 2 are henceforth expressed as percentage of Pes during the maximal sniff maneuver (Pessn), Pdisn, and VC, respectively, unless otherwise indicated.
Statistics
Values are mean Ϯ SD. A parametric statistical procedure was used to test differences, the t test for paired and unpaired samples. Regression analysis was performed with Pearson's correlation coefficient. With a high number of comparisons in a relatively small subject group, the chances of finding differences using the 5% level are greatly enhanced. Thus, the level of significance was set at p Ͻ 0.01.
Results
Respiratory Function
On routine respiratory function tests, VC was mildly reduced in patient 5, FRC was lower in patients 4 and 6, TLC was lower in patient 5, and Dlco was reduced in patient 7 ( Table 2) .
Pulmonary Mechanics
As shown in Table 3 , Clstat was slightly lower than the predicted value 18 in patients 3 and 6. Cldyn was, on average (Ϯ SD), a small fraction of Clstat (70.3 Ϯ 11%). Rl was slightly higher than predicted 18 in patients 2, 4, 5, 6, and 7.
Respiratory Muscle Force and Inspiratory Muscle Effort
As shown in Figure 1 , Pessn was below the lowest normal limit (mean Ϫ 1.65 SD) of our laboratory (58 and 65 cm H 2 O in women and men, respectively) in one patient (patient 8). Pdisn was below the lowest normal limit (mean Ϫ 1.65 SD) of our laboratory (80 and 110 cm H 2 O in women and men, respectively) in five patients (patients 1, 2, 4, 6, and 7). Pessw, both as an actual value (p Ͻ 0.03) and as a fraction of Pessn (p Ͻ 0.001), and Pdisw as a fraction of Pdisn (p Ͻ 0.01) were significantly greater, or tended to be so, in patients (Table 3) . Pemax was normal in most patients and mildly reduced (Ͻ mean Ϫ 2 SD) in two (patients 1 and 8) as compared with the values predicted by Black and Hyatt. 26 Phrenic nerve conduction time was within normal limits 23 in each patient ( Table 3) .
Pattern of Breathing
When compared with the normal control group, patients showed similar Vt and Ti, lower Te (p Ͻ 0.005), and greater V e, Vt/Ti, and Rf (p Ͻ 0.01 to p Ͻ 0.005). Breathing patterns are illustrated in Figure 2 .
Hypoxic Test
The responses to hypoxia are presented in Table 4 .
Mean ⌬V e/⌬Sao 2 was normal (Fig 3, left) , while ⌬Vt/⌬Sao 2 was lower (p Ͻ 0.001) and ⌬(Pessw/Vt)/ ⌬Sao 2 was greater in patients (p Ͻ 0.01). Compared with values in control subjects, at 80% and 70% Sao 2 , patients' Vt (p Ͻ 0.02 at 80% and p Ͻ 0.001 at 70%) and Ti (p Ͻ 0.01 and p Ͻ 0.02, respectively) were significantly lower or tended to be so, while Pdisw (p Ͻ 0.01 and p Ͻ 0.02, respectively) and Rf (p Ͻ 0.025 and p Ͻ 0.02, respectively) were significantly greater or tended to be so (Table 5) .
The change in Pessw vs the change in Vt during hypoxia was markedly blunted in patients (Fig 4) , indicating that for a given inspiratory pressure swing, inspired Vt was lower or, conversely, indicating that a greater pressure swing was needed for a given The increase in Pdi was due to a 2.7 Ϯ 2.7-fold increase in dynamic Pes and to a 1.23 Ϯ 0.37-fold increase in dynamic Pg. These changes were similar to those found in control subjects. Individual changes in both dynamic Pes and Pg during chemical stimulation are shown in Figure 5 . Under controlled conditions, the increase in inspiratory Pes was asso- CHEST / 115 / 6 / JUNE, 1999
ciated with an increase in Pg such that the line joining the end-expiratory point to the end-inspiratory point had a positive slope representing the combined action of the diaphragm and the rib cage inspiratory muscles. During chemical stimulation, the end-expiratory point shifted to a greater Pg in six of the eight patients, indicating expiratory muscle recruitment. This pattern looked like those found in control subjects (Fig 6) .
Discussion
In spontaneously breathing patients with type I diabetes, we have shown normal Pessn, slightly reduced Pdisn, and normal expiratory muscle strength. A greater inspiratory muscle effort was also found. During hypoxic rebreathing, inspiratory muscle output, or effort, increased in all patients, and expiratory muscle output increased in most patients (Fig 5) . Change in respiratory muscle effort per unit change in Sao 2 did not differ from that in normal subjects, while change in Vt per unit change in Sao 2 was lower such that NVD was lower in patients. With hypoxia, a decrease in NVD was associated with an increase in dynamic elastance (1/Cldyn); this reflects small-airway involvement.
Respiratory Muscles
A number of biochemical enzymatic and functional changes of skeletal muscles, including respiratory muscles, have been reported in diabetes. But curiously, very few studies have been devoted to This is consistent with our data showing a mild-tomoderate reduction in Pdisn and a normal phrenic nerve conduction time in five patients, which suggests that a myopathic disorder is involved. On the other hand, respiratory muscle recruitment during chemical stimulation has not been definitively established in diabetes. 4 During hypoxic rebreathing, a 2.7-fold increase in dynamic Pes and a 1.23-fold increase in dynamic Pg contributed to a 1.8-fold increase in dynamic Pdi. As shown in Figures 5 and  6 , this pattern of recruitment did not substantially differ from that of control subjects. Furthermore, our study seems to indicate that the pressure-generating ability of the expiratory muscles is preserved even in those patients in whom the reduction of TLC should be able to reduce Pemax. 27 In addition, as shown in Figure 5 , during hypoxia, the end-expiratory point shifted to a greater Pg in most patients, indicating expiratory muscle recruitment, likely to lower end-expiratory lung volume.
Control of Breathing
A number of variables could interfere with the pattern of breathing either before or during chemical stimulation. In the present study, the following points argue against the variability being caused by other factors. Because anxiety can cause rapid and shallow breathing, and learned behavior and experience help prevent anxiety, we attempted to limit stress, keep subjects relaxed with a minimum of visual and auditory stimulation, and train subjects to breathe quietly. In addition, we chose a relatively large dead space of the circuit because the resulting slight stimulation of breathing decreases breath-tobreath variability in the breathing pattern. 28 Many studies showing a blunted chemoresponsiveness in diabetes [7] [8] [9] 12 are biased by the lack of detailed information on the pattern of breathing and pathophysiology of the respiratory system. The ventilatory response to chemical stimulation can be ascribed to central respiratory neuron output-toinput signals, sensitivity of peripheral and/or central chemoreceptors (peripheral chemoreceptors innervated by the glossopharyngeal and vagus nerves are principally stimulated by hypoxia), autonomic (probably sympathetic) influences on central drive, 29 integrity of motor descending neural pathways to respiratory muscles, muscle function, and pulmonary and/or chest wall mechanics.
A number of studies showed that hypoxic reflex control of ventilation is defective in patients with diabetes. 7, 8, 12 In other studies, however, carotid chemoreceptor response to hypoxia was found to be intact in diabetics with autonomic neuropathy. 10, 11, 13 Even if carotid chemoreceptors appear to function normally, an abnormal cerebrovascular response to hypoxia could cause central respiratory depression. Cerebral blood flow is known to be abnormal in diabetic patients. 30 Because hypoxia is normally a potent stimulus to cerebral vasodilatation, if this vasodilatation fails to occur, hypoxia may have a more severe metabolic effect on the brain and depress ventilation centrally by changing central pattern generation. This was not found in the present study, in which a low ventilatory response slope to chemical stimuli did not involve a low central respiratory output or drive.
Abnormalities in nerve conduction (peripheral neuropathy) or in transmission at neuromuscular junction (myasthenia syndrome), defective muscle contraction, and abnormalities in either elastic or resistive characteristics of the respiratory system (change in elastance and/or resistance) are factors likely to be involved in the present circumstances. Considering the normality of phrenic nerve conduction time, the first factor was not likely to be involved in the observed responses. The second factor, a neuromuscular transmission defect, is effective in reducing V e response to chemical stimulation in patients thought to have a normal drive, 31 but there were no clinical reasons for us to suspect myasthenia syndrome. The third factor, a decrease in muscle strength, is known to hinder Vt increase to chemical stimulation in a number of multisystem disorders 22 or neuromuscular disorders. 31 ,32 However, we were not able to find any significant relationship between maximal respiratory pressures (Pessn or Pdisn) and ⌬Vt/ ⌬Sao 2 . Thus, we believe that this factor is not likely to play a major role in the condition of the present study. The fourth factor deals with altered pulmonary mechanics. Shortening of Ti (which truncates Vt when Vt/Ti is unchanged) may reflect a vagal reflex mechanism associated with altered pulmonary mechanics. This pattern of breathing is common in a number of interstitial lung disorders in which pulmonary vagal receptor afferent information increases respiratory drive, which is peripherally modulated into a rapid and shallow pattern of breathing. 33 However, the observation of a normal Clstat seems to indicate that this factor does not play a relevant role.
The last factors may be associated with smallairway resistance phenomena. Under hypoxic conditions, changes in Vt per unit Sao 2 were lower in patients, while their changes in Pessw(%Pessn) were normal. These findings reflect the mismatch between the respiratory effort and the ventilatory output in patients, defined in clinical terms as NVD of the ventilatory pump. 34 In the present study, change in the Pessw/Vt ratio, an index of NVD, was positively related to a concurrent increase in dynamic elastance. This indicates that peripheral airway abnormalities are involved in the control of breathing. Unlike the normal Clstat observed in this and other studies, 4 to our knowledge, a low Cldyn (Table 3) has not been previously reported in diabetes. The low Cldyn we found during hypoxia is worth discussing. In diseases in which different parts of the lung have different time constants and alveoli are divided into fast and slow subgroups, Cldyn will decrease, differing significantly from Clstat. 35 These findings are likely to reflect small-airways resistance phenomena. The possibility that the functional effect of peripheral airway abnormalities has been amplified by the hypoxia-induced increase in lung volume and/or bronchoconstriction 36 is not supported by the observation that, consistent with others' data, 37 dynamic elastance (1/Cldyn) did not increase in the normal control group. Rather, a failure to dilate the airway in diabetics, with different sympathetic responses to stress in normal subjects and patients, might account for the small-airway response to hypoxia. Also, counterregulatory responses to hypoglycemia are lost early in the course of the disease, such that patients with diabetes are dependent on the sympathoadrenal response. 38 However, differences have recently been found in plasma epinephrine response to stress between patients and normal subjects only when they are asleep. 39 Thus, we are not sure that this factor really affected the smallairway response to hypoxic stress in the present study. Finally, acute hypoxia causes pulmonary vasoconstriction, decrease in pulmonary blood volume, and systemic arterial vasodilatation. 40 Whether and to what extent these phenomena result in vascular engorgement, and whether the latter predominates in diabetes, has yet to be defined, to our knowledge.
In a recent study, Wanke et al 4 reported that peripheral factors have no impact on hypercapnic ventilatory response in diabetes. Comparison between that study and the present one is difficult because of the differences in experimental conditions and, possibly, the clinical status of patients. However, we have shown that the assessment of a normal Clstat and normal routine parameters of airway obstruction could not permit the definite exclusion of the role of peripheral factors in diabetes.
Adequacy of the Respiratory Neural Drive
We have found normal ⌬Pessw/⌬Sao 2 and ⌬Pdisw/⌬Sao 2 in patients. In clinical terms, the pressure generated by the ventilatory muscles (Pessw or Pdisw), expressed as a fraction of the maximal pressure generation (Pessn or Pdisn), reflects the respiratory effort, ie, the respiratory neural drive. 34 The normal rate of rise of Pdisw is consistent with the normal diaphragmatic chemoresponsiveness found in patients with or without autonomic neuropathy. 4 Nonetheless, in normal subjects, the imposition of an external respiratory load during hypoxic rebreathing results in a greater respiratory response than during nonloaded conditions. 41 Accordingly, faced with an increased internal mechanical load, the hypoxic respiratory responsiveness should be greater in patients than in nonloaded normal control groups. Thus, one might argue that the hypoxic central chemoresponsiveness, as assessed in terms of Vt and respiratory muscle output (Table 4) , was inadequate in diabetes. However, at two levels of Sao 2 , the greater values in Pdisw in patients than control subjects (Table 5 ) is likely to reflect the adequacy of hypoxic respiratory drive in our patients.
In conclusion, respiratory muscles maintained a normal output in this subset of diabetic patients. Peripheral airway involvement is likely to influence indices of hypoxic ventilatory control, modulating a normal central motor output into a rapid and shallow pattern of ventilatory response in type I diabetes.
